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Negative differential resistance and spin filter
effects in VS, monolayers
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To determine the transport properties of VS, monolayers, we have calculated the current based on the bias

voltage, band structure and transmission spectrum for VS, monolayers along the zigzag and armchair
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orientations by first-principles calculations combined with the non-equilibrium Green's function method.

A perfect spin filtering effect for the two directions and strong anisotropy have been found. Meanwhile,

DOI: 10.1039/c7ra03908e

rsc.li/rsc-advances +0.55 V.

1. Introduction

Due to the unique electronic structure and potential applica-
tions of graphene,* atomically thin layered materials have
received much attention as substitutes for silicon-based semi-
conductor materials in nanoscale electronics.>® Theory and
experiments have proved the stability and unique electronic
structure of a series of layered materials, such as silicene, ger-
manene, stanene, phosphorene and transition-metal dichalco-
genides (TMDs).>** Among these materials, TMDs show
advantages in semiconducting devices because their layer
structure means that atomically thin films can be easily ob-
tained with various physical properties, including semi-
conductor properties, ferromagnetism, superconductor
properties and so on.*¢?°

So far, magnetism has not been found in most of the pristine
graphene-like transition-metal dichalcogenides, and to obtain
magnetism, the materials need an external electric field,
a substrate, vacancies and strain, or should be doped with metal
ions, which is not easy to control in an experiment. Recently,
some research has found that half-metallicity, which can be
applied in spintronic devices with high spin-polarized mate-
rials, can exist in pure layered TMDs including VS, and VSe,
according to first-principles calculations.”?* Compared to
other half-metallic compounds, such as transition-metal pnic-
tides and chalcogenides (TM-PCs) with zinc-blende (ZB) struc-
tures and Heusler's alloys, where the stability of the half-
metallic property depends on the thickness and arrangement
of surface atoms,”?’ these TMDs can retain half-metallicity
without considering the state of the surface. Hence, TMD
half-metals are more suitable for application in integrated
circuits as spintronics.
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the zigzag orientation device shows obvious negative differential resistance around a bias voltage of

Previous research has shown the existence of strong anisot-
ropy of transport in some layered TMD insulators, such as MoS,
and MoSe,, in which the resistance of the device with the
armchair orientation is larger than that of the device with the
zigzag orientation.”® Due to it having the same structure, this
may also occur in layered VS,. To demonstrate the transport
properties for spintronic applications, here we theoretically
designed two kinds of devices based on VS, monolayers. The
results show that the spin filtering effect is obtained in both
devices, and negative differential resistance (NDR) exists in the
VS, monolayer with the zigzag orientation, which makes the VS,
monolayer a promising candidate for spintronics.

2. Computational methods

We established two kinds of hexagonal monolayer VS, devices
which are placed along the z-direction with zigzag and armchair
orientations, respectively. Based on first-principles calculations
combined with the non-equilibrium Green's function method
(ATK code),**>* we have calculated the spin transport proper-
ties. The Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) was used for the exchange-correlation
potential.** In the calculation, we used k sampling of 1 x 1 X
100 and a real space grid of 180 Ry for the current, and the
electron temperature in the Fermi function was 300 K. A 15 nm
vacuum along the Z axis was applied to avoid interactions
between the layers. The spin-dependent charge current through
the device was calculated using the Landauer-Biittiker formula:

10 = & [ (T, R i) e . i) JE,

where T'W(E) is the spin-dependent transmission function
defined by T'W(E, V) = TH[T . G*TRG"]'Y, fi(w)(E) is the Fermi
distribution function of electrons in the left (right) electrodes,
and upr) = Er £ eVp/2 is the chemical potential of the left and
right electrodes.
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3. Results and discussion

The devices based on VS, monolayers in the zigzag orientation
and armchair orientation are shown in Fig. 1. The spin-resolved
currents as a function of bias voltage (I-V characteristics) from
—1 to 1V for both directions are shown in Fig. 2. For the device
in the zigzag orientation, the spin-up current rises immediately
and increases rapidly with a small bias, and becomes gentle
when the bias is raised to 0.2 V. Once the bias exceeds 0.4 V,
a significant NDR behavior appears, where the current reduces
as the bias increases, and then increases approximately linearly
after 0.55 V of bias. Meanwhile, the spin-down current is
neglected within the whole bias voltage range. For the armchair
orientation device, the spin-down current is almost zero, while
the spin-up one arises after the voltage rises to 0.6 V for both
positive and negative bias, which indicates a spin filtering
effect. Therefore, the VS, of zigzag orientation shows metallic
properties, while that in the armchair direction exhibits semi-
conducting behavior. Meanwhile, the spin polarization (SP =
|(Iy — I,)/(I+ +1})| x 100%) also shows a perfect spin filtering
effect. For the zigzag orientation device (inset of Fig. 2(a)),
though the SP decreases very slightly as the voltage rises, it is
still very close to 100%. For the armchair orientation device, the
SP is nearly 100% in the region where current appears. The spin
filtering and NDR make the VS, monolayer useful for multi-
function spintronic devices.

The spin filtering effect usually can be explained by the band
structure. Here, we calculate the band structures of the
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electrodes along the transport direction, as shown in Fig. 3. It is
very clear that both of them have half-metallic behavior: the
spin-up band is metallic and the spin-down band has insulator
character with a large energy gap. This result is consistent with
previous research which was performed using VASP.>* We know
that the electrochemical potentials (uyr)) of the left (right)
electrode will decrease (increase) when a positive bias voltage is
applied. Therefore, the Fermi level will decrease (increase) with
it and the band structure will shift with respect to the Fermi
level. For the zigzag orientated VS, monolayer (Fig. 3(a)), the
spin-down bands cannot cross the Fermi level after applying
a positive or negative bias voltage, so there is no considerable
current in the spin-down channel. Oppositely, the Fermi level
crosses the bands of the spin-up state, resulting in an increase
of the spin-down current with the bias voltage. Fig. 3(b) shows
the band structure of the semiconducting behavior for the
armchair orientated VS, monolayer. It is very clear that there is
a gap for both the spin-up and spin-down band and no band
crosses the Fermi level. So a current cannot be generated under
low bias for both spin channels. When the bias increases, the
Fermi level crosses the spin-up band due to the narrower gap,
and therefore spin-up currents appear and increase with the
bias. Accordingly, a spin filtering effect occurs in both of the
devices.

The spin-resolved transmission spectra, which are helpful
for understanding the I-V characteristics because the spin-
polarized current is contributed by integrating in the bias
window [—Vp/2, Vp,/2], were calculated and are shown in Fig. 4
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Fig. 1 Schematic of the two monolayer VS, devices: (a) zigzag direction; (b) armchair direction.
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Fig. 2 Spin-dependent /-V curves for the two devices: (a) zigzag direction; (b) armchair direction. The insets of (a) and (b) are the spin polar-

izations for the two devices.
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Fig. 3 Band structure along the transport direction for the two devices: (a) zigzag direction; (b) armchair direction.
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Fig.4 Spin-dependent transmission spectrum of the zigzag direction.
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and 5 for both of the devices, where the Fermi levels are set to
zero and the black dashed lines represent the bias window. Due
to the symmetric behavior, we just discuss the transmission
spectrum in the positive bias region. For the zigzag device, in
Fig. 4, it is very clear that there is no transmission peak of the
spin-down channel entering the bias window at all bias volt-
ages, which means that the spin-down electron has no
tunneling path. Thus, the spin-down current is nearly zero. At
zero bias, the transmission of the spin-up channel crosses the
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Fig. 5 Spin-dependent transmission spectrum of the armchair
direction.
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Fermi level, and thus a small voltage can cause the current.
From 0.2 V to 0.35 V, although the bias window is broadened,
there is no significant change in the integral area of the spin-up
spectrum. Therefore, a current platform appears around a bias
of 0.3 V. At 0.55 V, we can see that the spin-up transmission
spectrum is slightly suppressed, which causes the integral area
to be smaller than that at 0.35 V. So NDR effects appear at a bias
of 0.55 V. As the bias increases, more transmission coefficients
enter into the bias window, which results in an increase in the
current.

Fig. 5 shows the transmission spectra of the armchair device.
It is very clear, both for the spin-up and spin-down electrons,
that no transmission coefficients appear in the bias window
until the bias reaches 0.5 V, which means that the current is zero
when the bias is below 0.5 V. Once the bias reaches 0.6 V, a tiny
spin-up transmission coefficient enters into the window, and the
integral area is significantly expanded with an increase in bias.
At the same time, the transmission coefficient of the spin-down
channel remains zero, which is consist with the I-V curve shown
in Fig. 2. Meanwhile, the disparity in the transmission spectra
between the two devices can explain why the value of the current
for the zigzag orientation is 100 times higher than that for the
armchair orientation, and why monolayer VS, shows distinct
transport anisotropy along different orientations.

4. Conclusion

In this work, we have studied the electronic transport behavior
of hexagonal monolayer VS, along the zigzag and armchair
directions using density functional theory combined with the
non-equilibrium Green's function. A spin filtering effect has
been obtained in both orientations, and strong anisotropy
appears as expected: the zigzag direction has metallic behavior,
while the armchair direction is a semiconductor. Meanwhile,
NDR also exists in the zigzag orientation device, which is found
in TMDs for the first time. Therefore, monolayer VS, can not
only be used in spintronic applications as an electrode, but can
also be applied in digital applications, amplification, and
oscillators, which makes it a multifunction material.
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